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Structures of Two Repeats of Spectrin
Suggest Models of Flexibility
inherent flexibility of spectrin has been demonstrated
by birefringence (Mikkelsen and Elgsaeter, 1981) and
viscosity (Stokke et al., 1985a, 1985b) measurements of
Valerie L. Grum, Dongning Li,
Ruby I. MacDonald, and Alfonso MondragoÂ n*
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purified spectrin, fluorescence anisotropy decay of freeand Cell Biology
and membrane-bound spectrin (Learmonth et al., 1989;Northwestern University
Clague et al., 1990), and NMR studies of purified, intactEvanston, Illinois 60208
spectrin (Fung et al., 1989). The flexibility of spectrin
has also been inferred from images in the electron micro-
scope of rotary-shadowed spectrin, which show a worm-Summary
like molecule (Shotton et al., 1979), and from compact
images of in situ spectrin prepared with minimal pertur-Spectrin is a vital component of the cytoskeleton, con-
bation (Shen et al., 1986; Liu et al., 1987; Ursitti et al.,ferring flexibility on cells and providing a scaffold for
1991).a variety of proteins. It is composed of tandem, anti-
An early analysis of the primary sequence of the aparallel coiled-coil repeats. We report four related
monomer of erythrocyte spectrin dimers led to the dis-crystal structures at 1.45 AÊ , 2.0 AÊ , 3.1 AÊ , and 4.0 AÊ
covery of a 106 amino acid repeating motif, which wasresolution of two connected repeats of chicken brain
predicted to form a triple-helical structure with helicesa-spectrin. In all of the structures, the linker region
of roughly equal length (Speicher and Marchesi, 1984).between adjacent units is a-helical without breaks,
An a-spectrin monomer contains about 20 of these tan-kinks, or obvious boundaries. Two features observed
dem repeats, while a b-spectrin monomer contains aboutin the structures are (1) conformational rearrangement
17 repeats. Subsequent analysis of the primary se-in one repeat, resulting in movement of the position
quence revealed a heptad pattern or periodicity of hy-of a loop, and (2) varying degrees of bending at the
drophobic and charged amino acids in the putative heli-linker region. These features form the basis of two
cal regions, which suggested the folding of the threedifferent models of flexibility: a conformational re-
helices of a single repeating unit into an antiparallelarrangement and a bending model. These models pro-
coiled coil (Parry et al., 1992). The finding that propervide novel atomic details of spectrin flexibility.
selection, or ªphasing,º of the N and C termini of each
repeating unit promotes the stable folding of single
spectrin repeats (Winograd et al., 1991) made possibleIntroduction
the subsequent confirmation of the triple-helical model
by X-ray crystallography (Yan et al., 1993) and NMRThe structure of the ubiquitous cytoskeletal protein
spectroscopy (Pascual et al., 1996, 1997).spectrin is well suited to its function of forming extensive
The repeats themselves are joined by a short region,networks (Bennett and Gilligan, 1993; Winkelmann and
termed the linker. The linker region has been depictedForget, 1993) and facilitating the intracellular organiza-
to be either disordered and flexible (e.g., Speicher andtion (Devarajan and Morrow, 1996; Dubreuil, 1996; Re-
Marchesi, 1984; Bloch and Pumplin, 1992) or orderedpasky and Black, 1996) and sorting of proteins (Beck
and inflexible (e.g., Lux and Palek, 1995; Nicolas et al.,and Nelson, 1996). Spectrin is a heterodimer of a and b
1998), although no structural evidence has been pre-subunits of 280 and 246 kDa, respectively, that associate
sented for either type of conformation. The nature of theside by side at a specific nucleation site (Speicher et
linker region has been closely associated with different
al., 1992). The heterodimers self-assemble head to head
models of spectrin flexibility. Disordered and flexible
to form tetramers (DeSilva et al., 1992). Whereas more
linker regions are compatible with models in which the
than 90% of each spectrin monomer consists of a long repeats are arranged like beads on a string, whereas
stretch of repeating units, several small, nonrepetitive ordered and inflexible linker regions would call for a very
spectrin domains stabilize networks of spectrin tetra- different type of model. Nevertheless, no model has
mers by interacting with various other cytoskeletal pro- been proposed to address spectrin flexibility at the mo-
teins (Bennett, 1990). lecular level, due mainly to the lack of detailed atomic
In addition to serving as an intracellular scaffold, spec- information.
trin is also the matrix-forming component of the revers- To address the question of spectrin flexibility at the
ibly deformable membrane skeleton (Svoboda et al., atomic level, we have determined the structures of four
1992), enabling red cells to pass through capillaries (Lux related constructs of two connected repeating units of
and Palek, 1995). Thus, spectrin has long been consid- chicken brain a-spectrin, the single isoform of a-spec-
ered to be the molecule responsible for conferring elas- trin in birds (Winkelmann and Forget, 1993). The struc-
ticity on the cell (Steck, 1989) and is compromised in tures show that the repeats exist in the expected tandem
red blood cells with mutant forms of spectrin in humans arrangement of helical coiled coils and reveal two impor-
(Marchesi, 1991; Mohandas and Evans, 1994; Tse and tant novel features. First, the repeats themselves appear
Lux, 1999) and other organisms (Dubreuil, 1996). The to be more dynamic than previously thought. In one of
the structures, the position of a loop joining two helices
has moved to form part of an adjacent helix, while a* To whom correspondence should be addressed (e-mail:
a-mondragon@nwu.edu). neighboring helical region has melted to replace the
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loop. Second, the linker region between the two repeats of 2U0, helix A spans 21 residues, helix B spans 37
residues, and helix C spans 34 residues. In conse-is a-helical in all of our structures. Subtle but significant
differences among the conformations of the linker region quence, the structure of each coiled coil changes from
a three-helix coiled coil to a two-helix coiled coil at theare associated with various degrees of bending of one
repeat with respect to its neighbor. These key features C-terminal end of helix A where the long AB loop begins
and extends parallel to the long axis of the repeat beforeof the structuresÐrearrangement of a loop and a helix
and bending at the helical linker regionÐlead us to sug- turning to join the N-terminal end of helix B. Thus, the
repeats can be most accurately described as hybridsgest two different but not necessarily mutually exclusive
models of spectrin flexibility. of a three-helix and a two-helix coiled coil. Although the
AB loop has no well-defined secondary structure, its
conformation is preserved in all the monomers. Interac-Results and Discussion
tions such as the hydrogen bond from the Og of Ser-
1794 in the AB loop to the guanidinium group of Arg-Structure Determination
1867 in helix C are evidently important for stabilizing theThe structures of four different but closely related frag-
conformation of the AB loop.ments of spectrin were solved by X-ray crystallography.
A striking feature of all structures is the clearlyThe first fragment is referred to as 2U0 and consists of
a-helical nature of the region between the repeatingrepeats 16 and 17 (termed R16 and R17) of chicken
units, commonly referred to as the linker region. Origi-brain a-spectrin (Wasenius et al., 1989). Its design was
nally, the linker region was predicted to be nonhelicalbased on the predicted boundaries of several repeating
(Speicher and Marchesi, 1984). However, subsequentunits (Winograd et al., 1991) and other biochemical and
analyses have predicted a helical linker region (Dubreuilstructural information (MacDonald et al., 1994; Pascual
et al., 1989; Parry et al., 1992). In the structures, there iset al., 1996). The NMR structure of R16 (Pascual et al.,
no obvious break, discontinuity, or change in secondary1996, 1997) and the structure of 2U0 guided the design
structure to delineate the linker region. Nevertheless, itof three other molecules that produced better diffracting
can be identified as the 5 amino acid region in the longcrystals. Relative to 2U0, the three other molecules have
CA9 helix that interacts with both repeats. The linker8 fewer amino acids at the N terminus and an additional
region is demarcated by the end of the heptad periodic-4, 7, or 13 amino acids at the C terminus, respectively.
ity of one repeat and the beginning of the periodicity ofThese constructs are referred to as 2U2814, 2U2817, and
the adjacent repeat and includes residues 1872 to 1876.2U28113.
The preference for a helical linker region is also sup-The structures of 2U0, 2U2814, 2U2817, and 2U28113 were
ported by the structure of 2U28113D, in which the lastsolved and refined to 4 AÊ , 2.0 AÊ , 1.45 AÊ , and 3.1 AÊ
amino acids extend as a helix and correspond to theresolution, respectively. Table 1 shows data collection
linker region between R17 and R18.statistics and refinement statistics. The model of 2U0
In addition to their overall folds and the helical naturewas only partially refined due to poor diffraction of the
of the linker regions, a third feature common to all ofcrystals and contains some regions modeled as poly-
the structures is the relative orientation of the two con-alanine, since it was not possible to assign side chains
nected repeats. R16 and R17 are related by an approxi-unambiguously. The crystals of 2U0 and 2U2817 have one
mately 50 AÊ translation along the long axis of the mole-monomer in the asymmetric unit, while the crystals of
cule and a rotation around this same axis of between2U2814 and 2U28113 have three and four molecules in the
288 and 528 (see Table 2). The 608 rotation in the modelasymmetric unit. The three crystallographically indepen-
of two units based on the structure of a single repeatdent molecules in the 2U2814 crystals are virtually identi-
of spectrin (Yan et al., 1993) lies outside of the rangecal. Three of the four molecules in the asymmetric unit
that we have observed. Furthermore, the linker regionof 2U28113 are identical. Thus, five different conforma-
interactions in this model differ from those in the 2Utions of the two repeats are distinguishable among the
structures. Each pair of repeats has a width of aboutfour different crystal forms. All amino acids are visible
20 AÊ and an overall length of about 100 AÊ , which wouldonly in 2U2814. The other molecules have some disor-
yield a contour length of about 1000 AÊ for a 20-repeatdered residues either at the termini and/or in some of
molecule, in agreement with electron microscope obser-the loops connecting the helices.
vations of rotary-shadowed, extended spectrin dimers
(Shotton et al., 1979).Basic Organization of the Two Repeating Units
All structures consist of two antiparallel coiled coils con-
nected by a continuous a helix (Figure 1). Antiparallel Heptad Periodicity
The heptad periodicity that has been suggested to pro-coiled coils have also been referred to as bundles (Love-
joy et al., 1993), but here we use the term coiled coil, mote stable folding of a single repeating unit (Parry et
al., 1992) was examined in detail. The periodicity canfollowing Brown et al. (1996). The N-terminal coiled coil
or repeat (R16) consists of helices A, B, and C, separated usually be observed in the primary sequence, but it is
more accurate to identify the heptad pattern in the three-by the AB and BC loops, and the C-terminal repeat (R17)
consists of helices A9, B9, and C9, separated by the A9B9 dimensional structure. The residues forming the heptad
pattern in R16 of 2U2814 are shown in Figure 2A and aand B9C9 loops. The helices are not straight but curve
gently and wrap around each other in a left-handed helical wheel diagram indicating hydrophobic and polar
interactions in Figure 2B. The same or equivalent patternsupercoil. The AB and A9B9 loops contain nine residues
and are longer than the BC and B9C9 loops, which con- was observed in the repeats of all other high-resolution
structures presented here. As is customary, the aminotain four or five residues. In all repeats, aside from R17
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Figure 1. Structure of Two Repeats of Chicken Brain a-Spectrin
(A) Schematic diagram of the structure of 2U2814. The first repeat (R16) is in red, the second repeat (R17) is in blue, and the linker region,
which joins the repeats and is clearly helical, is in green.
(B) Stereo diagram indicating all of the atoms of the same structure. The color scheme is identical to that in (A). Amino acids are numbered
according to Pascual et al. (1997).
acids forming each heptad repeat are named a to g, B and C. Thus, His-1811 in helix B, which occupies the
a position of the heptad following the stammer residueswith residues a and d constituting the hydrophobic core
of the coiled coil. Although the heptad periodicity of R16 a±c, interacts with hydrophobic residues in helix A and
helix C to begin the three-helix coiled coil replacing theresembles the pattern predicted from a model of a single
repeating unit of spectrin (Parry et al., 1992) and from two-helix coiled coil (Figure 2B).
The C-terminal end of helix C of R16 is identified bythe structures of single repeating units of Drosophila
melanogaster a-spectrin (Yan et al., 1993) and chicken the lone a residue of the last heptad of that repeat (Leu-
1871), which is followed by the five residues forming thebrain a-spectrin (Pascual et al., 1996, 1997), the follow-
ing features are particularly noteworthy. linker region. The heptad pattern of R17 begins after the
linker region at the N terminus of R17 with Tyr-1877 asA change in the phasing of the heptad pattern of helix
B occurs where the structure changes from a three- to the a residue of the first heptad (Figure 2A). Thus, the
a two-helix coiled coil due to helix A being significantly
shorter than helices B and C. This type of discontinuity Table 2. Relative Orientations of R16 and R17 in 2U2814, 2U2817,
or shift has been classified as a ªstammerº (Brown et and 2U28113
al., 1996), in which one heptad repeat is shortened to Angles between R16 and R17a
three residues, leaving only residues a±c. In the case of
Structure X Y Zhelix B (Figure 2A), the first seven residues comprise
the first heptad repeat, with the a and d residues facing 2U2814 17.58 21.628 31.68
2U2817 0.58 9.58 52.58helix C. The next three residues correspond to residues
2U28113A 22.48 23.38 27.98a±c, with residue a facing the interior, but the subse-
quent d±g residues are missing. After the stammer, the a R16 of 2U2814 served as the reference molecule. R16 of 2U2817 and
of 2U28113A were superposed on R16 of 2U2814. The rotation matrixperiodicity follows the expected heptad pattern through-
needed to transform R16 onto R17 was calculated and decomposedout the length of the helix. The stammer is needed to
into three simultaneous rotations around X, Y, and Z as describedaccommodate the presence of the C terminus of helix
in the Experimental Procedures.
A that must form hydrophobic interactions with helices
Structures of Two Repeats of Spectrin
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Figure 2. Heptad Periodicity of R16 Repeat
(A) Schematic diagram of the heptad pattern in the R16 repeat of chicken brain a-spectrin. a and d residues, which are hydrophobic and face
the interior of the coiled coil, are in yellow, linker region residues are in red, and loop region residues are in orange. The residues in blue form
part of the stammer in helix B, which occurs when the repeat changes from a two-helix to a three-helix coiled coil. The linker region includes
the five amino acids between the only amino acid in the last heptad of one repeat and the beginning of the heptad pattern of the next repeat.
For reference, the sequence number of the amino acid at the end of each helix is shown and the first heptad of each helix is labeled a to g.
(B) Helical wheel diagram of R16 in cross section. Interhelical polar interactions are indicated by a line connecting paired residues. The
numbers after each hydrophobic residue in the core denote interacting groups.
heptad pattern does not continue from R16 through the exception of R17 in 2U0. When the different R16 repeats
were compared with the reference R17, the differenceslinker region to R17, even allowing for possible stam-
mers, skips, or stutters (Brown et al., 1996). Therefore, were small (rmsd ranging from 1.04 AÊ to 1.64 AÊ for the
main chain atoms), indicating that the repeats are basi-the linker region effectively dissociates the heptad peri-
odicity of helix C from that of helix A9. The five-residue cally identical. Figure 3A illustrates the superposition of
R16 and R17 of 2U2814. Similarly, all R17 repeats, exceptlinker region of z1.5 helical turns requires the two re-
peats to occupy positions almost opposite each other for R17 in 2U0, superpose quite well (rmsd ranging from
0.31 AÊ to 1.38 AÊ for all main chain atoms). Major differ-across the linker region. If the heptad periodicity were
to continue across the linker region, the two connected ences are apparent between R17 of 2U0 and R17 of
2U2814 (Figure 3B). In 2U0, the A9B9 loop is disorderedrepeats would be located on the same side of the CA9
helix and not on opposite sides, as observed. and the first helix of the repeat is similar, but the second
and third helices are clearly different. The N terminusAnalysis of the heptad pattern also reveals the dual
role of some charged amino acids with long, nonpolar of helix B9 and the C terminus of helix C9 point in different
directions with respect to those in 2U2814. Despite thechains, such as arginine and lysine, that in some in-
stances can satisfy the requirement for hydrophobic low resolution of the structure of 2U0, it was possible to
place the sequence with the heavy atom positions as aresidues in the heptad pattern. Examples of such resi-
dues are Arg-1808 in the a position at the beginning of guide. The A9 helix was thus identified unambiguously
from three cysteines, while the position of Cys-1935the stammer on helix B (Figure 2A), Arg-1867 in a d
position on helix C, and Arg-1973 in a d position on helix served as a marker for helix B9. The B9 and C9 helices
were placed with only a small ambiguity, but it wasC9. The long, aliphatic portions of the side chains of
these arginines are buried in the interior of the coiled impossible to place the side chains in the electron den-
sity map (see Experimental Procedures). The A9B9 loopcoil, while their hydrophilic ends make contact with other
residues on the surface or extend into the solvent. The of R17 in 2U0 is not visible in the electron density map,
but the ordered part of helix B9 in 2U0 starts approxi-importance of charged amino acids in an a or d position
requiring a nonpolar residue is suggested by arginines, mately at residue 1916. The B9 helix of R17 in 2U0 ends
approximately at residue 1950, whereas the B9 helixsuch as 1867 and 1973, occupying these positions in
about half of the repeats of chicken brain a-spectrin. of R17 in all other structures ends at residue 1944, a
difference of approximately 6 amino acids. Therefore,
the B9 helix of R17 in 2U0 is about 1.6 turns longer thanRelocation of the B9C9 Loop due to
a Helix↔Loop Transformation the other B9 helices. The B9C9 loop of R17 in 2U0 includes
residues 1951 to 1954, whereas the B9C9 loop of R17 inSingle repeating units of each structure were compared
with R17 in 2U2814 as the reference repeat. Somewhat 2U2814 and 2U2817 includes residues 1945 to 1948. It is
thus apparent that the position of the B9C9 loop in 2U0unexpectedly, all repeats were superposable, with the
Cell
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The observed conformational rearrangement could
thus lead to an axial displacement of the repeats toward
the beginning of the chain and concomitant shortening
of the chain of repeats without inflection points or kinks
at the linker regions. An important feature of this model
is the absence of any net change in secondary structure.
Since flexibility implies reversibility, movement of the
position of the loop must be reversible so that contrac-
tion can give way to extension by returning the loop to
its original position. We estimate that the end-to-end
distance of the spectrin chain can contract to 30% of
its length if the position of each BC loop in a chain of
20 repeats were to move in a manner similar to that
observed in R17 in 2U0. This figure roughly agrees with
estimates based on a calculation of the area of red cell
membrane available to the 100,000 tetramers measured
per cell (Waugh, 1982; Steck, 1989).
Bending of the Linker Region
Figure 3. Comparison of the Two Repeats of Chicken Brain
Comparison of the structures also reveals that the rela-
a-Spectrin
tive orientation of the two repeats varies, so that it is
The N and C termini of the domains are labeled, as well as the
not possible to simply superpose each pair of repeats.three helices. (A) depicts the superposition of R16 (cyan) and R17
To put them in the same frame of reference, the R16s(magenta) from the structure of 2U2814. (B) shows that R17 of 2U2814
(cyan) is not superposable on R17 of 2U0 (yellow). Also, the position of each structure were first superposed on each other
of the amino acids in the B9C9 loop in 2U2814 (purple) is clearly with their long axes along the Cartesian Z axis, as de-
different from the position of the same amino acids in 2U0 (red). This scribed in the Experimental Procedures. A gallery of all
illustrates the movement of the position of the B9C9 loop in the 2U0 structures appears in Figure 5A, whereas Figures 5B
structure.
and 5C show the superposed structures. For each struc-
ture, the rotation matrix needed to superpose R16 on
has moved toward the C terminus relative to its position R17 was calculated and then decomposed into three
in the other structures. simultaneous rotations around X, Y, and Z. The rotations
An important consequence of the movement of the around X and Y correspond to tilts perpendicular to the
position of the loop in 2U0 is the second major difference long axis of the molecule, while the Z rotation describes
between the two structures, that is, helix C9 of 2U0 is the twist of one repeat with respect to the other around
significantly shorter than in the other structures. The
the long axis of the molecule. The values for the rotations
shortening of helix C9 would cause the next repeat to
relating R16 to R17 in the three most different structures
move up along the C9 helix and reduce the overall end-
are shown in Table 2. The tilt can be in either a positive
to-end distance of the chain. These structural changes
or negative direction and ranges from 23.38 to 22.48. Inin 2U0 relative to the other constructs are probably due the case of twist, the rotation can vary over a wide rangeto the modest difference in phasing between 2U0 and from 27.98 for 2U28113 to 52.58 for 2U2814.the latter. Since 2U0 is stably folded, albeit not as stably Since all individual repeating units are virtually identi-as the other constructs, the phasing of 2U0 may be cal and superpose quite well, with the exception of R17simulating effects of intrinsic or extrinsic factors that
in 2U0 (Figure 3B), the change in relative orientation ofmight elicit changes in conformation.
one unit with respect to its neighbor must be centeredThese observations lead us to propose a model for
at the linker region. If the two repeats in a structurespectrin flexibility based on the conformational rearrange-
reorient, it is unlikely that the same atomic interactionsment of the subunits (Figure 4). As described above,
around the linker region can be maintained. Figure 6Ashifting of the position of the B9C9 loop in R17 of 2U0
shows a region of the AB loop where interactions areresults in an elongation of helix B9 and a shortening of
conserved in the structures of 2U2814 and 2U2817. Inhelix C9. Since the repeats are arranged in tandem, such
contrast, Figure 6B depicts an adjacent region in thea change would move the next repeat toward the N
same structures where the B9C9 loops superpose wellterminus of the chain. The next repeat could simply
but the residues in the linker regions do not.ªslideº past the other without any hindrance, as the two
Bending of the linker region forms the basis of a sec-repeats are on opposite sides of the linker region. If 1
ond model of flexibility. The observation that the relativerepeat out of the 17 to 20 repeats in spectrin was to
orientation of the two repeats can differ without aundergo a change in conformation, the overall change
change in secondary structure or major rearrangementin length would be modest, but if many repeats were
of the linker region suggests that spectrin could reduceto undergo a change in conformation in a concerted
its end-to-end distance by reorientation of the repeats.fashion, a large length reduction could be achieved.
For example, spectrin monomers in a dimer could followThe change in conformation from loop to helix is not
helical, rather than straight, paths similar to the forma-unprecedented in spectrin. In the structure of a single
tion of a solenoid or supercoil by double-helical DNA.repeat of Drosophila spectrin (Yan et al., 1993), each
Figure 7 illustrates a mechanism of spectrin contractionBC loop has undergone a transition to a helix, so that
helix B is continuous with helix C. by supercoiling of a single molecule. In order to create
Structures of Two Repeats of Spectrin
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Figure 4. Conformational Rearrangement Model of Spectrin Flexibility
The left panel shows a hypothetical molecule based on the 2U structures in the fully extended conformation. Disordered and linker regions
were built from models of the other structures. Three of the BC loops are in yellow. The middle panel depicts modest contraction of spectrin
due to a change in the position of one of the loops (yellow) and the resulting movement of the following repeats (blue outline). The right panel
depicts significant contraction of spectrin due to a change in the positions of three loops (yellow). The molecule has been shortened by almost
two repeats (red and blue outline), that is, the end-to-end distance has decreased from five repeats on the left to almost seven repeats on
the right. If all subunits were to undergo conformational rearrangement, the molecule would shorten even more dramatically. A cartoon of
the first four repeats is shown with a similar color scheme next to each model to highlight the essence of the changes in the model.
the supercoil, each repeat was tilted by the same in twist are related to axial contraction comparable in
magnitude to that of the bending model and may leadamount but in a different direction at each linker. In this
model, the linker region serves as a ball-and-socket to supercoiling. Whether both models rely on similar
atomic mechanisms remains to be determined.hinge free to rotate in any direction, although in some
directions the movement may be more constrained. The
supercoiling of the molecule can lead to a dramatic
Implication of Phasing for Stabilitylength change that is concomitant with a widening of
of Spectrin Repeatsthe coil. Note that the diagram shows a single spectrin
Our structures of two repeating units allow us to definemolecule, although spectrin is formed by one a and one
the sequence boundaries of each repeat and to addressb subunit arranged in an antiparallel fashion, and hence
whether a single repeat should be more or less stablyboth would have to change.
folded than two or more repeats in tandem. R16 spansA key feature of this mechanism is the large extent
1771 to 1876, whereas R17 spans 1877 to 1982. By thisof axial length contraction produced by a reasonable
definition, each repeat includes the linker region at thedegree of bending at the linker region. For instance, a
C terminus, even though the linker region can interactreduction of 50% in coil length in Figure 7 was obtained
with both the BC loop of one repeat and the AB loop ofwith a linker region bending of 458. Although we have
the next (Figures 6A and 6B). This capability of eachnot observed that degree of bending in our structures,
linker region to interact simultaneously with one loop ofbending of an a helix by as much as z508 has been
the N-terminal repeat and another loop of the C-terminalobserved in the p22 antitermination transcription factor
repeat means that it should be possible to construct a(Cai et al., 1998). Changes in the twist of one spectrin
single repeat that is as stable as two repeats. If thesubunit around the other have been observed in Fourier
single repeat is phased so that it has a sufficiently buttransform-filtered images obtained by electron micros-
copy (McGough and Josephs, 1990). These changes not excessively long helix A and a sufficiently but not
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Figure 5. Superposition of the Different Structures of the Two Repeats of Chicken Brain a-Spectrin
(A) The five different structures observed in the four crystal forms: from left to right, 2U0, 2U2814, 2U2817, 2U28113A, and 2U28113D. To put them
in a common frame of reference, the R16 repeats of all the structures were superposed. Note also the helical extension at the C terminus of
2U28113D.
(B) Superposition of three of the structures. The structures of 2U2817, 2U28113A, and 2U28113D exhibit differences in the relative orientations
of their two repeats. The R16 repeats of each structure were superposed and the long axis of each repeat aligned along the Cartesian Z axis
to illustrate the clearly different degrees of bending observed in the crystal structures and expressed as degrees of tilts and twists in Table 2.
(C) Cross sections of the R16 and R17 repeats are shown to emphasize the large differences in twist. The lower panel shows the superposed
R16 repeats of (B) in cross section, which are nearly congruent. The upper panel shows that the R17 repeats are far from congruent when
the R16 repeats are superposed. Note the large twist of the 2U2817 molecule (red), which is not as readily appreciated in (B).
excessively long helix C, it will make contacts between Concluding Remarks
The structures of two repeats of spectrin presented hereits BC loop and its N-terminal end and contacts between
its AB loop and its C-terminal end. A double repeat will constitute physical evidence for a helical linker region.
Since the nature of the linker region has been the focushave four such contacts per two repeats and be as
stable as a single repeat with two contacts per one of speculations about spectrin flexibility (Elgsaeter et al.,
1986; Steck, 1989; Bloch and Pumplin, 1992; Mohandasrepeat. Hence, two connected and appropriately phased
repeats should be as stable as a single repeat, as ob- and Evans, 1994), these data shed light on a question
that has long been central to conjectures about theserved in temperature denaturation studies (DeSilva et
al., 1997; Lusitani et al., 1998). Furthermore, if single molecular nature of spectrin flexibility. Although we can-
not rule out the possibility that the helical linker regionrepeats are as stably folded, whether found as single or
double repeats, single repeats should unfold and refold could melt under as yet unidentified conditions, our
crystal structures strongly suggest that an a helix is theindependently, as observed recently in an atomic force
microscopy unfolding study of spectrin and the related preferred conformation for the linker. Clinical evidence
further underscores the importance of the linker region.a-actinin (Rief et al., 1999).
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Figure 6. Interactions in Two Superposed
Regions of 2U2814 and 2U2817
(A) View of the AB loop in the R16 structures.
Interactions among residues are almost iden-
tical in the two structures, which superpose
well.
(B) View of the linker region and the B9C9 loop
of R17. The B9C9 loops superpose well, but
the linker regions do not. His-1947 forms a
hydrogen bond with Glu-1873 in both struc-
tures, although through a different rotamer.
In contrast, hydrogen bonds between Ser-
1874 and His-1947 and between Ser-1874
and His-1948 are present only in 2U2817 (red),
since movement of the linker region of 2U2814
(blue) places Ser-1874 too far from these his-
tidines for bond formation.
Hereditary elliptocytosis is associated with single muta- and a bending model. Not only are the models indepen-
dent of a disordered linker region, but they are basedtions that reside in or within one or two residues of the
linker region joining repeats 1 and 2, 2 and 3, or 4 and on two key features revealed by the structures: confor-
mational rearrangement of the subunits and a helical5 of human erythroid a-spectrin (Marchesi, 1991). Algo-
rithms predicting secondary structure indicate that the but adaptable linker region. It is also possible that spec-
trin uses a combination of the two proposed mecha-observed mutations could destabilize the a helix in the
linker region. nisms. The structural features of spectrin described here
and the models of flexibility based on them are likely toBased on these structures, two models of flexibility
are proposed: a conformational rearrangement model be relevant to understanding the mechanism of other
Figure 7. The Bending Model of Spectrin Flexibility
The lower panel is a hypothetical 20 repeat molecule based on the 2U structures and representing the fully extended conformation. The
middle panel depicts an z30% decrease in the end-to-end distance of spectrin due to its supercoiling into 2.5 superhelical turns with eight
spectrin repeats per turn. The upper panel depicts a further decrease to 50% of the initial end-to-end distance by a further decrease in the
pitch of the superhelix.
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Figure 8. Electron Density of the Linker Region
(A) Region of the 4.5 AÊ solvent-flattened MIR
map of the 2U0 structure.
(B) Region of the 2.6 AÊ solvent-flattened MIR
map of the 2U2814 structure. The linker region
is clearly helical in both maps.
and MacDonald, 1997; Grum, 1998). Mass spectrometry analysisspectrin-related molecules, such as dystrophin and
(University of Illinois, Champaign-Urbana; Northwestern University)a-actinin. In the case of a-actinin, the structure of two
of 2U0, 2U2814, 2U2817, and 2U28113 indicated molecular weightstandem repeats confirms the presence of a helical linker
within 0.46%, 0.13%, 0.58%, and 0.42% of the predicted weights,
region (Djinovic-Carugo et al., 1999 [this issue of Cell]). respectively. Purified protein was concentrated to about 10±30 mg/
The arrangement of spectrin repeats may also be ml in 10 mM HEPES (pH 7.5) by vacuum dialysis and diluted to z5
mg/ml for crystallization.compared to those of two other unrelated, elongated,
and flexible proteins containing repeating domains: fi-
bronectin and titin. In fibronectin, the repeats are linked Crystallization and Characterization
to each other like beads on a string (Leahy et al., 1996), All crystals were grown by the hanging drop vapor diffusion method.
whereas spectrin has an ordered linker region. Spectrin 2U0
Crystals were grown in 15% PEG 3.3 K, 100 mM Li2SO4, 50 mM Trisis also structurally similar to titin, another flexible and
(pH 8.5), and 1 mM b-mercaptoethanol at 188C. The best crystalselastic molecule. Titin has two distinct domains with
were obtained from a mutant, C1935S, and hence proteins in thisdifferent physical properties and of different molecular
background were used in all crystallographic work with 2U0. Thecomposition. One domain is composed of tandem im- crystals belong to space group P6222, with a 5 b 5 201.3 AÊ , c 5 56.3 AÊ ,
munoglobulin-like repeats, which extends like an en- one molecule per asymmetric unit, and z80% solvent content.
tropic spring at low stretch force, and each repeat pro- 2U2814
Crystals were grown in 1.99 M (NH4)2SO4, 0.12 M Na K tartrate, andgressively loses its secondary structure at high stretch
0.1 M Na citrate (pH 5.6) at 48C. Crystals initially grew as aggregates,force (Kellermayer et al., 1997; Rief et al., 1997; Tskhov-
but large, single crystals could be grown by one round of microseed-rebova et al., 1997). The second, the PEVK domain, also
ing followed by a second round of macroseeding (Stura and Wilson,
behaves like an entropic spring (Linke et al., 1996) but 1990). The crystals belong to space group C2221, with a 5 126.34
by an as yet unknown molecular mechanism. Dynamic AÊ , b 5 201.15 AÊ , c 5 94.77 AÊ , three molecules per asymmetric unit,
conformational rearrangements of titin and the observa- and z70% solvent content.
2U2817tions described here of spectrin suggest that the flexibil-
Crystals were grown in 0.1 M Tris (pH 8.2), 10% isopropanol, andity of these unrelated molecules may nevertheless be
18% PEG 3.3 K at 188C. The crystals grew as thin plates and be-achieved with some parallels. The general understand-
long to space group C2, with a 5 124.6 AÊ , b 5 33.2 AÊ , c 5 76.6 AÊ ,
ing of domain movement in proteins has benefited
b 5 123.688, one molecule per asymmetric unit, and z50% solvent
greatly from the study and analysis of crystal structures content. A second batch of crystals was grown under the same
(Gerstein et al., 1994). In the case of spectrin and other conditions but at room temperature aboard the Space Shuttle Dis-
covery during flight STS95. These crystals had a better definedflexible molecules, crystal structures have begun to re-
morphology and were thicker.veal atomic features of these molecules and to provide
2U28113a structural foundation for understanding the molecular
Crystals were grown in 3.8 M Na formate at 188C. The crystals belong
nature of their flexibility. to space group P3221, with a 5 b 5 128.76 AÊ , c 5 196.45 AÊ , four
molecules in the asymmetric unit, and z67% solvent content.
Experimental Procedures
Overexpression and Protein Purification Data Collection, Structure Determination, and Refinement
Data processing was carried out with the programs DENZO andFour different constructs of chicken brain a-spectrin were sub-
cloned and overexpressed according to published methods (Panta- SCALEPACK (Otwinowski and Minor, 1997) and programs from the
CCP4 suite (Collaborative Computational Project 4, 1994) unlesszatos and MacDonald, 1997; Grum, 1998). The four constructs are
2U0 (residues 1763±1978; numbering according to Pascual et al. otherwise noted. Model building and inspection were performed
with the program O (Jones et al., 1991). Refinement was performed[1997]), 2U2814 (residues 1771±1982), 2U2817 (residues 1771±1985),
and 2U28113 (residues 1771±1991). Residue 1771 was mutated in the with REFMAC (Collaborative Computational Project 4, 1994), XPLOR
(BruÈ nger, 1992a, 1992b), and CNS (BruÈ nger et al., 1998). In all cases,latter three constructs from a leucine to a valine to facilitate cloning
of the 28 constructs. In all cases, the constructs were introduced a bulk solvent correction and overall anisotropic temperature factors
were applied. The quality of the models was assessed with theinto the pET8c vector (Studier et al., 1990) in Escherichia coli strain
BL21(DE3). Protein expression was induced by isopropyl-thiogalac- program PROCHECK (Laskowski et al., 1993). Diffraction data and
phasing and refinement statistics are shown in Table 1. Figure 8toside. Proteins were purified by ion exchange chromatography on
DEAE and Q Sepharose and by gel filtration on S-100 (Pantazatos shows electron density for the linker region in two of the structures.
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2U0 collected in 0.28 oscillation steps to improve the quality. Data pro-
cessing was performed with the program XDS (Kabsch, 1988a,All data were collected at synchrotron sources from cryocooled
crystals with 25% ethylene glycol as cryoprotectant. The native II 1988b). The structure was solved by molecular replacement with
the program AMORE with the trimer from the 2U2814 structure as adata set was collected in 0.28 oscillation steps. The structure was
solved by MIR methods. Three mutants were constructed (A1882C, search model. An electron density map calculated with the trimer
model revealed the presence of a fourth molecule in the asymmetricV1884C, N1892C) in the C1935S background. These mutants were
derivatized either before or after crystallization with different mercu- unit. The final, refined model consists of four spectrin molecules,
termed 2U28113A, 2U28113B, 2U28113C, and 2U28113D. Molecules A torials. The position of the single mercury in the N1892C mutant was
determined by Patterson methods and phases calculated from it C form a trimer similar to that observed in the 2U2814 structure and
are identical (rmsd for main chain atoms: A/B 5 1.02 AÊ ; A/C 5 0.89 AÊ ;used to locate the other heavy atoms. A fourth mercury derivative
was obtained from crystals of wild-type 2U0. MIR phases were calcu- B/C 5 0.91 AÊ ). In contrast, molecule D does not superpose well
(rmsd for main chain atoms: A/D 5 2.16 AÊ ; B/D 5 1.97 AÊ ; C/D 5lated to 4.5 AÊ using all derivatives, and the map was improved and
the resolution extended to 4.0 AÊ with the solvent-flattening program 3.33 AÊ ) and is clearly different from the three others. Aside from the
N-terminal methionine, each molecule comprises residues: 1771 toSOLOMON (Abrahams and Leslie, 1996). Although side chain den-
sity was poor, the sequence was identified by means of the heavy 1984 for A, 1771 to 1987 for B, 1771 to 1980 for C, and 1771 to 1989
for D. One mutation, K1878E, was observed. Of all residues, 99.5%atom positions, which provided an unambiguous tracing. Initially,
only a polyalanine model was built. Density was present for six are in most favored or allowed regions of the Ramachandran plot
and none are in disallowed regions. No solvent molecules werehelices, three connecting loops, and the linker region, but the A9B9
loop was not visible in the electron density map and was not mod- included.
eled. Limited refinement was performed with strong helical con-
straints on the main chain dihedral angles. Only two temperature Structure Analysis
factors were assigned per residue, one for the main chain and one Protein secondary structure predictions were performed with pro-
for the side chain atoms. Helices A, B, C, and A9 and the loops grams from the Biology Workbench (http://biology.ncsa.uiuc.edu).
connecting them were replaced with the corresponding regions from Structural superpositions were performed with the program
the 2U2814 model when this was available, including side chains. lsqkab (Collaborative Computational Project 4, 1994). To compare
The remaining regions were left as polyalanine. The final model the differences in relative orientation of R16 and R17 in the different
consists of amino acids 1765±1894 and 1916±1978, with the two structures, the following procedure was used: the 2U2814 moleculeN-terminal residues being disordered. Of these residues, 94% are was used as a reference by aligning R16 of 2U2814 with its long axisin allowed or most favored regions of the Ramachandran plot. along the Cartesian Z axis. All other molecules were superposed
2U2814 onto this one by first superposing only their R16 repeats. Next, each
All data were collected from cryocooled crystals with 20% ethylene R16 repeat was superposed on its corresponding R17 repeat in
glycol as cryoprotectant. Data for a native and two derivative data order to obtain the rotation matrix describing the relative orientation
sets were collected with a rotating anode X-ray generator and used of the two repeats in the same frame of reference. The rotation
to solve the structure. A high-resolution data set was later collected matrices obtained by this procedure were decomposed into three
at a synchrotron source to complete the refinement. The structure simultaneous rotations at constant speed around the three
was solved by MIR methods to 3.0 AÊ with mercury and platinum Cartesian axes (Babcock et al., 1994). This procedure was followed
derivatives. The positions of the mercury and platinum atoms were in order to obtain truly comparable rotation angles in an identical
determined by Patterson and difference Fourier methods. The map frame of reference.
was improved and the resolution extended to 2.6 AÊ with the solvent-
flattening program SOLOMON (Abrahams and Leslie, 1996). The
Figuresmap was of excellent quality, and the entire molecule could be built
Figures were made with the programs SETOR (Evans, 1993), GRASPinto it. The model was refined without imposing any noncrystallo-
(Nicholls et al., 1991), MOLSCRIPT (Kraulis, 1991), and RASTER3Dgraphic symmetry constraints. The final model consists of three
(Merritt and Murphy, 1994; Bacon and Anderson, 1988).spectrin monomers comprising residues 1771±1982, an N-terminal
methionine, and 688 solvent molecules. A single mutation, G1836S,
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